Transcripts harboring 5 upstream open reading frames (uORFs) are often found in genes controlling cell growth including receptors, oncogenes, or growth factors. uORFs can modulate translation or RNA stability and mediate inefficient translation of these potent proteins under normal conditions. In dysregulated cancer cells, where the gene product, for example Her-2 receptor, is overexpressed, post-transcriptional processes must exist that serve to override the inhibitory effects of the uORFs. The 5 untranslated region (UTR) of Her-2 mRNA contains a short uORF that represses translation of the downstream coding region. We demonstrate that in Her-2 overexpressing breast cancer cells, the 3 UTR of the Her-2 mRNA can override translational inhibition mediated by the Her-2 uORF. Within this 3 UTR, a translational derepression element (TDE) that binds to a 38-kDa protein was identified. These results define a novel biological mechanism in which translational control of genes harboring a 5 uORF can be modulated by elements in their 3 UTRs.
Many studies have established a critical role for the Her-2 receptor in the biochemical pathways responsible for transduction of mitogenic signals from a variety of growth factor receptors (Olayioye et al. 2000; Yarden and Sliwkowski 2001) . Overexpression of Her-2/neu protein is pro-oncogenic and has been implicated in ∼30% of solid tumors of the human breast, ovary, prostate, lung, bladder, stomach, esophagus, and pancreas (Hynes and Stern 1994; Holbro and Hynes 2004; Hynes and Lane 2005) . Overexpression of Her-2 has been demonstrated to be the result of gene amplification as well as modulation of transcriptional or post-transcriptional control mechanisms (Ishii et al. 1987; Kraus et al. 1987; Bae et al. 2001; Vernimmen et al. 2003; Kuwada et al. 2005) .
Her-2 mRNA and protein are expressed at basal levels in normal cells, but are increased to >50-fold in Her-2 positive tumor cells Vernimmen et al. 2003) . The major 4.5 kb Her-2 transcript is translated into a protein of 185 kDa and is flanked by a 178-nucleotide (nt) 5Ј untranslated region (UTR) (Ishii et al. 1987; Tal et al. 1987; Hollywood and Hurst 1993) and 612-nt 3Ј UTR. The 5Ј UTR is 78% GC rich and contains a sixcodon upstream open reading frame (uORF) that precedes the Her-2 translation start codon by 5 nt and is highly conserved among mammalian species. Although the 612-nt 3Ј UTR has no recognizable regulatory sequence elements, the 3Ј-UTR sequences have been reported to stabilize Her-2 mRNA in SKOV-3 ovarian cancer cells (Doherty et al. 1999) .
Two distinct translational mechanisms have been reported to control Her-2 protein expression. One is a celltype-independent mechanism that represses translation of Her-2 mRNA. This repression is mediated by the short uORF in the 5Ј UTR of the Her-2 transcript. Mutagenesis experiments demonstrated that the translational repression was independent of the peptide coding sequence of the uORF, as well as the identity of the downstream cistron. This regulatory mechanism has been explored in detail and is believed to be the result of the inability of ribosomes to reinitiate at the downstream AUG codon due to short intercistronic spacing between the two ORFs (Child et al. 1999b ).
The second post-transcriptional control mechanism that is not as well understood involves an increased celltype-dependent Her-2 translational efficiency in transformed cells compared with that in primary cells. In primary human fibroblasts and human mammary epithelial cells, Her-2 mRNA is associated with monosomes and small polysome fractions (Child et al. 1999a ). The Her-2 transcript cosediments with larger polysomes in Her-2 overexpressing cancer cells, indicating that it is translated with a higher efficiency in those cells. Importantly, no differences were observed in the sequence and size of the Her-2 mRNA in primary cells compared with that in transformed human cells.
In this report, we have tested the hypothesis that posttranscriptional processes mediate the efficiency of Her-2 translation in cancer cells through interactions between the 5Ј and 3Ј UTRs of Her-2 mRNA. We have identified a U-rich translational derepression element (TDE) in the 3Ј UTR that can modulate the translational repression by the uORF in the Her-2 5Ј UTR. The protein factors that directly bind to the TDE were identified and were shown to form complexes with the Her-2 mRNA in breast cancer cells. These results elucidate a novel posttranscriptional mechanism involved in the modulation of the translation efficiency of transcripts harboring uORFs in certain cancer cell types.
Results

Her-2 UTRs modulate luciferase expression in a cell-type-dependent manner
To investigate the role of the Her-2 UTRs in modulating translation efficiency, a series of gene constructs that contained the firefly luciferase (FLuc) reporter gene flanked by various combinations of either the Her-2 UTRs or control UTRs were made (Fig. 1A) . Expression of the reporter gene constructs was studied by transfection into a panel of cell lines that express surface Her-2 protein at very low (MCF-10A, 293H), moderate (Hela, MCF-7), or very high (SKBR-3, BT-474, AU-565) levels. FLuc activity was normalized to the activity units from cotransfected ␤-galactosidase or Renilla luciferase reporter constructs. Transfection of each construct into various cell lines demonstrated that, compared with the vector-derived UTRs, the Her-2 5Ј UTR represses translation of reporter transcripts in all of the cell lines studied (Fig. 1B) . To compare the effects of the Her-2 5Ј UTR on luciferase expression, we denoted all subsequent activity as fold increase over the repression caused by the 5Ј Her-2 construct.
We also monitored the luciferase activity of the reporter that harbored both the Her-2 5Ј and 3Ј UTRs. The results were striking since insertion of the 3Ј Her-2 UTR into the construct above significantly abrogated the ability of the 5Ј UTR to inhibit translation in a number of Her-2 expressing cell lines (Fig. 1B) . The greatest modulation was observed in SKBR-3 (12-fold ± 3.5-fold) and BT-474 (10-fold ± 2.5-fold) cells. MCF-7 cells showed a significant (fourfold ± 1.5-fold) increase in reporter gene expression. These breast cancer cell lines also demonstrate the greatest overexpression of Her-2 protein. Conversely, reporter expression in 293H and MCF-10A cells was hardly affected (1.1-fold ± 0.86-fold) by the presence of Her-2 3Ј UTR. The fact that these cells have low endogenous Her-2 expression suggests a possible role for cellular factors in modulating Her-2 expression in Her-2 overexpressing cells.
The translational derepression by the 3Ј UTR was not due to changes in transcript stability or alternative 3Ј-end processing. As determined by Northern blot analysis, there were similar levels of transiently expressed RNAs in SKBR-3 cells (Fig. 3B, below) . Sequencing of the 3Ј-RACE products of the transiently expressed mRNA confirmed that all transcripts used the vector encoded polyadenylation signal and mapped to the same 3Ј end (data not shown).
Taken together, these results suggest that the translation efficiency of the Her-2 transcript in Her-2 positive cells is regulated by interactions between the 5Ј and 3Ј UTRs. These results are consistent with previous reports demonstrating an increased association of the Her-2 mRNA in larger polysome fractions of BT-474 breast cancer cells (Child et al. 1999a ) and suggest a novel mechanism in which translational repression by the 5Ј UTR can be modulated by the 3Ј UTR of Her-2.
The 3Ј UTR of Her-2 is required for translational derepression
We next asked whether the Her-2 3Ј UTR was specifically required for the derepression. To test this, the 3Ј Reporter constructs containing 5Ј Her-2 UTR in combination with 3Ј UTR from either Her-2 or GAPDH were expressed transiently in SKBR-3 cells. Translational derepression specifically requires Her-2 3Ј UTR since the Luc constructs containing GAPDH 3Ј UTR do not derepress translational inhibition by the Her-2 5Ј UTR in SKBR-3 cells.
UTR of the reporter gene harboring the Her-2 5Ј and 3Ј UTRs was replaced with GAPDH 3Ј UTR. This reporter was transfected into SKBR-3 cells as described previously and luciferase activity was quantified. The results demonstrated that in the presence of Her-2 5Ј UTR, the translation efficiency of the reporter harboring the 3Ј UTR of GAPDH was greatly reduced compared with the reporter containing the Her-2 3Ј UTR (Fig.  1C) . No differences in the RNA levels of the constructs were detected by real-time PCR analysis (data not shown). Thus, the GAPDH 3Ј UTR failed to overcome translation repression caused by the Her-2 5Ј UTR. In the absence of the Her-2 5Ј UTR, normal levels of translation were obtained with luciferase reporter under the control of the 3Ј UTR of GAPDH (Fig. 1C) , again demonstrating the inhibitory effect of the Her-2 5Ј UTR on translation.
Translation of a uORF is required for the 3Ј UTR of Her-2 to mediate translation derepression
We next examined whether the Her-2 uORF is utilized in cells overexpressing the Her-2 protein. The AUG start codon of the uORF is in an optimal Kozak sequence context and thus is expected to give rise to a six-amino-acid peptide upon initiation from this small ORF. Since the production of such a small peptide would be difficult to monitor, we mutated the uORF termination codon (UGA to GGA) and inserted one nucleotide so that the luciferase ORF would be in frame with the uORF in order to detect initiation at Her-2 uORF. Initiation at upstream AUG (uAUG) would result in the synthesis of an elongated luciferase protein. Transfection of this construct into SKBR-3 cells resulted in a 12-fold increase in activity in the reporter construct harboring the Her-2 uORF containing the GGA in-frame mutant compared with the reporter construct harboring the wild-type Her-2 uORF (Table 1) . A further twofold increase (24 ± 3.5) was observed when the Her-2 3Ј UTR was present (Table 1) . These results suggest that the uAUG is used efficiently by the translating ribosomes and that removal of the upstream termination codon significantly reduced the 3Ј UTR-mediated derepression. Mutation of the luciferase translation initiation AUG codon in the uORF in-frame construct to AAG did not have an appreciable effect on the expression of luciferase, supporting the conclusion that translation initiated efficiently at the uAUG (Table 1) . To determine if the repression by the 5Ј UTR of Her-2 is affected by the stop codon sequence in the uORF, the UGA in the uORF was mutated to UAA or UAG and luciferase expression was monitored. The repression of translation was found to be independent of the stop codon sequence (Table 1) .
We next asked whether the interactions between the 5Ј and 3Ј UTRs required the translation of the uORF. To address this question, the translation initiation site of the uORF was removed by point mutagenesis (the AUG of the uORF to AAG) and the construct was transiently expressed in SKBR-3 cells. The translational repression was removed in the presence of a dysfunctional uORF. However, in presence of the mutant uORF and the wildtype Her-2 3Ј UTR, there was no further synergistic increase in translational efficiency of the construct ( Fig.  2A) . This result suggests that the derepression of translation mediated by the 3Ј UTR is dependent on the translation of the uORF. The mRNA levels of all of the transfected constructs reported in these studies were not significantly different as determined by real-time PCR (data not shown).
We next asked if the increased translation efficiency observed was a consequence of internal translation initiation that was controlled by the Her-2 UTRs. Since the insertion of nucleotides predicted to result in strong secondary structures in the 5Ј UTRs in mRNAs have previously been shown to inhibit cap-dependent translation (Kozak 1991a; Muhlrad et al. 1995) , translational upregulation by Her-2 UTRs in the presence of a secondary structure would suggest a UTR-mediated internal ribosome entry site (IRES) mechanism. To test this possibility a stem-loop (dG = −56.9 kcal/mol) was inserted close to the translation start site of the Her-2 5Ј UTR and its effect on translation of the luciferase constructs was examined. The stem-loop inhibited the cap-dependent translation by >200-fold in the vector construct compared with that in the no-stem-loop control. The IRES from the 5Ј UTR of HIF-1␣ served as a positive control and showed a 13-fold increase in translation in the presence of the stem-loop. However, there was no increase in translation of luciferase under the control of Her-2 5Ј UTR alone or with the 3Ј UTR, thus indicating that capdependent translation was required for the observed synergy (Table 2) . 
The 3Ј UTR of Her-2 can promote translation derepression of other uORFs
We next determined whether translational derepression by the 3Ј UTR of Her-2 specifically required the Her-2 uORF or whether it could promote derepression of other known uORFs. To test this, reporters in which the 5Ј and 3Ј Her-2 UTRs were replaced with the 5Ј and 3Ј UTRs of the SHIP-2 gene were constructed. The 5Ј UTR of SHIP-2 RNA is similar in size to the Her-2 5Ј UTR and harbors a 10-amino-acid uORF with similar spacing relative to the SHIP-2 protein coding region (Fig. 2B) . The reporter constructs were transfected into SKBR-3 cells, and activity was monitored as described above. The results demonstrated that the 5Ј UTR of SHIP-2 RNA also inhibited the translation of the reporter in SKBR-3 cells, and that this translational inhibition of the SHIP-2 uORF was not relieved when the SHIP-2 3Ј UTR was inserted into the reporter gene (Fig. 2C) . The presence of the Her-2 3Ј UTR, however, demonstrated a 4.5-fold ± 1.1-fold increase in translation efficiency compared with that of the reporter containing the SHIP-2 5Ј UTR. These results demonstrate that, although suboptimal compared with a reporter construct containing both the 5Ј and 3Ј UTRs from Her-2, the Her-2 3Ј UTR could function in the context of a heterologus uORF sequence to derepress translation of the reporter. Quantitative real-time PCR analysis showed that both 5Ј + 3Ј SHIP-2 Fluc and 5Ј SHIP-2 + 3Ј Her-2 Fluc transcripts were expressed to similar levels and that the RNA levels did not account for the derepression of SHIP-2 uORF by Her-2 3Ј UTR (Fig. 2D ).
Identification of sequences required for translational derepression
We next defined more precisely the cis-acting elements in the 3Ј UTR that are required for Her-2 uORF-mediated translational derepression. To accomplish this, deletions were made in the 612-nt 3Ј UTR starting from the 3Ј end of the reporter harboring the 5Ј and 3Ј UTRs of Her-2. Each resulting reporter construct was transfected in SKBR-3 cells and luciferase activity was determined. The results demonstrated that removal of the last 75 nt (Del 537-612) did not affect the ability of 3Ј UTR in overcoming the inhibition by 5Ј UTR (Fig. 4A , below). However, removal of an additional 73 nt (Del 465-612) completely abolished the derepression function of the 3Ј UTR. These results demonstrated that a 73-nt sequence element (TDE) located between nucleotides 465 and 537 of the 3Ј UTR is required to override the inhibition of Her-2 translation by the uORF. Northern blot analysis of the transiently expressed RNAs showed that the effect was independent of RNA levels in SKBR-3 cells (Fig. 3B ).
To identify the nucleotides required for derepression, deletions were made within the 73-nt TDE. Deleting nucleotides 497-507 was found to decrease derepression activity of the 3Ј UTR to 50% of the wild-type construct. A greater loss of derepression activity was obtained when a stretch of 22 nt was deleted from the Her-2 3Ј 
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(SL) Stem-loop. (Fig. 3C ). Intriguingly, the TDE is 80% conserved at the nucleotide level across mammalian species. To identify the minimal region required for derepression activity, deletions were made from the 5Ј end of the 3Ј UTR (data not shown). The removal of nucleotides 1-107, nucleotides 1-207, nucleotides 1-307, and nucleotides 1-465 from the 5Ј end of the 3Ј UTR completely abrogated derepression activity. In addition, removal of the first five nucleotides in a construct containing nucleotides 5-612 in the 3Ј UTR resulted in loss of derepression activity, thus indicating that the regions in the 5Ј end of the 3Ј UTR are also required in addition to the TDE. Interestingly, the entire 3Ј UTR was found to fold into a thermodynamically stable secondary structure with a ⌬G of −228 kcal/mol (M-fold analysis; data not shown).
Identification of factors that interact with the TDE
We hypothesized that the TDE interacts with trans-acting factors to regulate translational derepression. To test this hypothesis, UV-cross-linking studies were performed to identify proteins that interact with the TDE.
Several radiolabeled RNA transcripts were prepared that contained either the full-length Her-2 3Ј UTR or a deletion construct lacking the TDE or the Her-2 5Ј UTR. The RNAs were incubated with cytoplasmic extracts from the SKBR-3 cells and after 1 h, the protein-RNA complexes were cross-linked by UV irradiation. Following RNase A/T1 digestion, the radiolabeled RNA-protein complexes were resolved on SDS-PAGE and visualized by phosphorimager analysis. The results demonstrated that a predominant 38-kDa ± 4-kDa protein cross-linked to both the 612-nt Her-2 3Ј UTR and to the 73-nt TDE, but did not cross-link to the 5Ј UTR (Fig. 4B,C) . The 38-kDa protein also did not cross-link to the RNA with 485-507-nt TDE internal deletion (Fig. 4B) . The crosslinking activity largely correlated with the luciferase activity of the deletion constructs, indicating the possible involvement of the trans-acting factors in the derepression of translation (Fig. 4A,B) . The 3Ј Her-2 UTR UVcross-linked to a 38-kDa protein from SKBR-3 extracts. Proteins UV-cross-linked to labeled RNA probes were resolved on 10%-14.5% SDS-PAGE as described in Materials and Methods. Molecular size markers are indicated on the right. (C) Competition of the UV-cross-linked band by 73-nt TDE but not by the sequences of the 5Ј UTR of Her-2 mRNA. The T7 polymerasetranscribed 32 P-labeled 3Ј Her-2 UTR RNA was incubated with SKBR-3 cytoplasmic extracts in the absence of competitor (none) or in the presence of a 2.5-fold, fivefold, 20-fold, 50-fold, or 100-fold molar excess of unlabeled 465-537-nt RNA or with a 10-fold, 50-fold, 100-fold, or 500-fold molar excess of the 178-nt 5Ј Her-2 UTR RNA. Since the results demonstrated that a 38-kDa protein UV-cross-linked to the full-length 612-nt Her2 3Ј UTR, competition experiments were performed to investigate the binding specificity of the 38-kDa protein (Fig. 4C) . The cross-linking activity was effectively competed out by 50-fold molar excess of the cold-73-nt TDE (465-537) but not by a 500-fold molar excess of 178-nt Her-2 5Ј UTR or by region 1-307 of Her-2 3Ј UTR lacking the binding site (data not shown). These results show that the UV-cross-linking activity is specific to the 73-nt TDE in the Her-2 3Ј UTR.
Identification of proteins binding to Her-2 3Ј UTR in SKBR-3 cells
We hypothesized that the TDE in the Her-2 3Ј UTR may function by recruiting protein factor(s) that facilitate interactions between the UTRs of Her-2 mRNA and the cellular translation machinery. To study the role of trans-acting factors in modulating interactions between the 5Ј and 3Ј UTRs, we utilized RNA affinity capture with in vitro biotinylated 3Ј UTR transcripts to purify and identify the protein(s) that bound to the Her-2 3Ј UTR TDE. SKBR-3 cytoplasmic extracts were precleared using RNA (1-407) lacking the TDE. Unbound proteins were subsequently incubated with the TDE-containing RNA (1-612) resin. After extensive washing, the bound proteins were eluted stepwise with 0.2 M, 0.5 M, and 1 M NaCl containing buffer A. Almost all of the UV-crosslinking activity was associated with the 0.5 M eluate. The proteins in the eluate were concentrated and resolved by SDS-PAGE. Protein bands were excised and their identity determined by mass-spectrometric analysis.
The mass-spectrometric analysis identified HuR and hnRNP A1 as Her-2 3Ј UTR-binding proteins and suggested that multiple proteins may interact with 3Ј UTR (data not shown). To determine which of the identified proteins directly bound to the TDE, in vitro binding affinity chromatography was again utilized with biotinylated RNA. The protein-RNA complexes were transferred to nitrocellulose, and the presence of the candidate proteins, HuR and hnRNP A1, as well as a number of other hnRNP proteins were examined by immunodetection with antibodies. The results demonstrated that hnRNP A1 bound not only to the full-length RNA (1-612) and the TDE (465-537) but also to RNA (1-407) lacking the TDE-binding site, indicating the presence of multiple binding sites in Her-2 3Ј UTR (Fig. 5A) . hnRNP C1/C2 and HuR bound specifically to the TDE and to the 1-612-nt RNA but not to the RNA (1-407) (Fig. 5A ). Other hnRNP proteins (Q, K/J), transportin, and AUF (data not shown) were not detected. A very small proportion of hnRNP L (cf. the total input) was detected in the complex and could be the result of nonspecific binding under the conditions used. Overall, these results suggest that a large protein complex containing several known RNA-binding proteins assembles specifically on the Her-2 3Ј UTR TDE.
We next determined which of the proteins detected in the Her-2 3Ј UTR RNA complex were also present in the UV-cross-linked band. The protein extracts were UVcross-linked to full-length 3Ј UTR RNA (1-612) or the 73-nt TDE and after RNase treatment, the reactions were immunoprecipitated with various antibodies. Antibodies to the proteins HuR and C1/C2 immunoprecipitated the UV-cross-linked proteins whereas antibodies to hnRNP A1, L, Q, U, K/J, AUF, and transportin did not (Fig. 5B) . These results confirm the presence of HuR and hnRNP C1/C2 as components of a RNP complex making direct contact with the Her-2 3Ј UTR.
Characterization of the native complexes in SKBR-3 cells
To determine if HuR and C1/C2 exist as native complexes in vivo, extracts from SKBR-3 cells were subjected to immunoprecipitation by anti-HuR or by anti-C1/C2 antibodies. The immunoprecipitates were resolved on SDS-PAGE and, after transfer to nylon membranes, were probed with various antibodies. The hnRNP A1 and C1/ C2 proteins were found to be present in the complex immunoprecipitated by anti-HuR antibody. In addition, hnRNP A1 and HuR were pulled down by anti-C1/C2 antibody. However, the interaction between hnRNP C1/C2 and HuR was abrogated when the extract was treated with RNases before immunoprecipitation. This result suggests that RNA facilitates the interactions between factors and that there is no direct interaction between HuR and hnRNP C1/C2 (Fig. 6A ). As seen with the in vitro assembled complexes, the in vivo complexes contained hnRNP A1 but did not contain AUF and other hnRNP proteins (L, Q, U, K/J, transportin, or A 0 ). Thus, we conclude that HuR, hnRNP C1/C2, and A1 are present in the native complexes in SKBR-3 cells.
Since the 3Ј UTR of Her-2 mRNA was found to override the translational inhibition imposed by the uORF in the 5Ј UTR, we were interested in determining whether there was association of the TDE complex with known translation factors. Thus, in addition to the proteins detected in the in vitro assembled complexes, the native immunoprecipitates were also examined for the presence of proteins known to mediate cap-dependent translation. While the poly(A)-binding protein (PABP) was detectable in the immunoprecipitates of both HuR and C1/ C2 (Fig. 6A) , other factors involved in mRNA translation, such as eIF4E, eIF4G, eIF3␣, eIF5␣, and eIF2␣, were not detected (data not shown). The interaction of the PABP with the TDE complex was found to be RNA independent (Fig. 6A) , indicating a direct association with both HuR and with hnRNP C1/C2.
HuR and hnRNP C1/C2 interact with the 3Ј Her-2 UTR in cells
To study if the Her-2 mRNA interacts with the protein complexes in vivo, a ribonucleoprotein immunoprecipitation (RIP) assay was performed as described in Materials and Methods. Briefly, the in vivo SKBR3-RNP complexes were reversibly cross-linked with formaldehyde and the extracts immunoprecipitated with anti-HuR or anti-C1/C2-protein-G-Sepharose. Total RNA was isolated after the cross-links were reversed, DNase I treated, and the RNA was used for RT-PCR. As seen in Figure  6B , the Her-2 3Ј UTR was detectable in the immunoprecipitates of anti-HuR and anti-C1/C2 antibodies. As expected, no product was detected when reverse transcriptase was omitted. The absence of a PCR product corresponding to GAPDH mRNA in the immunoprecipitates demonstrated the specificity of the RIP assay. These results indicate that the Her-2 mRNA is in complex with HuR and C1/C2 proteins in vivo in SKBR-3 cells. The RNA-protein complexes in SKBR-3 cells were cross-linked by formaldehyde and the extracts were made as described in Materials and Methods. The extracts were immunoprecipitated with either anti-HuR or anti-C1/C2 antibodies and the RNAprotein cross-links were reversed by heat treatment. The RNA associated with the complexes was extracted with Trizol and used for first-strand cDNA synthesis. The presence of Her-2 RNA or nonspecific GAPDH RNA was detected by PCR using gene-specific primers.
Functional relevance of the protein complex in breast cancer cells
Since the proteins associating with the TDE complex (HuR, hnRNP C1/C2, PABP, and hnRNP A1) are ubiquitously expressed, we wanted to establish that the TDE-protein complex is functionally relevant to Her-2 translational derepression. Since the small interfering RNA (siRNA)-mediated knockdown of HuR and hnRNP C1/C2 resulted in significant cytotoxicity to SKBR3 cells, we used UV-cross-linking analysis to study if the cross-linked complex was detectable in the cell lines expressing Her-2 protein to different levels. The UV-crosslinking experiments with extracts made from a number of cell lines showed that the relative abundance of proteins that cross-link to the TDE correlates directly not only with the level of Her-2 expression but also with the fold-derepression activity of the Her-2 3Ј UTR (Fig. 7A) . The intensity of the UV-cross-linked complex was found to be stronger in cell lines that supported derepression by Her-2 3Ј UTR and expressed high Her-2 protein levels (SKBR3, AU565, BT474, MCF-7) when compared with cell lines in which derepression by Her-2 3Ј UTR is not observed and that have low Her-2 levels (293, HeLa). The results suggest that the expression levels of the protein complex may contribute to derepression activity and Her-2 expression in some cancer cells. Since these are cell extracts, however, we are unable to determine if the differences in cross-linking are directly due to relative abundance of the protein(s) or due to post-translational modifications of one or more of the cross-linked proteins that may influence affinity of interactions and/or intracellular distribution of the protein complex.
To study the intracellular distribution of one or more protein(s) in the TDE complex, we performed an in situ immunofluorescence experiment. As seen in Figure 7B , one of the proteins in the TDE complex, HuR, is differentially distributed between two breast cancer cell lines, SKBR3 and MCF10A. Although HuR is found predominantly in the nucleus of both cell lines, there is a significant portion of HuR within the cytoplasm of the high Her-2 expressing cell line SKBR3 compared with the primary breast cancer cell line, MCF10A. This observation is in accordance with the earlier reports on increased cytoplasmic HuR levels in higher grades of breast tumor samples (Denkert et al. 2004 ) and in colon cancer cells (Dixon et al. 2001 ).
Discussion
The 5Ј UTRs of ∼5%-10% of eukaryotic mRNAs are known to harbor an uORF. Interestingly, a high percentage of RNAs containing uORFs encode oncogenes and growth factors (Kozak 1991b) , and expression of these genes is highly regulated, as their protein products are important in cell growth and proliferation. Studies of a subset of RNAs harboring uORFs have shown that they can function by modulating translation efficiencies of downstream cistrons via a number of distinct mechanisms including translation termination and reinitiation as well as nascent-peptide-dependent ribosome stalling on the mRNA (for review, see Morris and Geballe 2000) .
Overexpression of the Her-2 receptor is a critical factor in oncogenic transformation of certain breast cancers. In all mammals studied so far, the 5Ј UTR of Her-2 mRNA contains an uORF that is highly conserved in its position, length, and sequence, suggesting an important role for the uORF in translational regulation. The Her-2 uORF is translated and strongly inhibits the expression of the downstream coding region in a peptide-sequence-independent manner (Child et al. 1999b ). In the absence of the Her-2 3Ј UTR, it has been reported that termination and reinitiation at the main Her-2 AUG occurs inefficiently due to short intercistronic spacing. Thus, post-transcriptional mechanisms must exist to repress the function of the uORF and allow for overexpression of Her-2 mRNA that contributes to oncogenic potential of tumor cells.
Tumor-specific Her-2 translational control requires the 3Ј UTR
To investigate the potential role for translation control of the Her-2 mRNA, we focused on the function of the 5Ј and 3Ј UTRs. Utilizing reporter constructs where the Her-2 5Ј and 3Ј UTRs flank the firefly luciferase, we demonstrated that the uORF of Her-2 is derepressed in the presence of the 3Ј Her-2 UTR in a tumor-cell-line- Figure 7 . Functional significance of the TDE-protein complex. UV-cross-linking studies were performed using extracts prepared from cell lines that express Her-2 to varying levels. A more intense cross-linked complex was detected in high Her-2 expressers (SKBR3, AU565, Calu3, MCF-7) compared with the low Her-2 expressers (293T, HeLa, HepG2). (B) Immunofluorescence microscopy of HuR in breast cancer cells. More cytoplasmic HuR was detected in SKBR-3 cells, a high Her-2 expresser compared with MCF-10A, a low Her-2 expressing cell line. specific manner. Derepression of the uORF-mediated translation specifically required the presence of the Her-2 3Ј UTR; a control reporter harboring the GAPDH 3Ј UTR was unable to cause uORF derepression. In addition we demonstrated that derepression is independent of the nascent peptide, but requires translation of the uORF. We hypothesize that the translation of the uORF allows the ribosome to properly terminate at the uORF stop codon where derepression is facilitated by factors that interact with the Her-2 3Ј UTR.
Deletion analysis of the 3Ј UTR identified two important regions that are necessary to mediate derepression of the Her-2 uORF. The 5Ј-proximal portion of the 3Ј UTR (1-465 nt) was required for translation derepression. This region has the potential to fold into thermodynamically stable strong secondary structures (M-fold) including IRES-like Y-type stem-loops (141-244 nt) (http://www.ba.itb.cnr.it/BIG/UTRScan; Le and Maizel 1997) . A second sequence element, referred to as a TDE, located at 465-537 nt of the 3Ј UTR was also shown to be necessary to mediate translation derepression of the uORF.
The Her-2 TDE binds a novel protein complex
Several RNA-binding proteins were identified that associated specifically with the TDE. Among the proteins identified, HuR and hnRNP C1/C2 proteins were found to bind specifically and directly to a short sequence (nucleotides 497-507) in the TDE (Fig. 4B) . In addition, the hnRNP A1 protein was found to be associated with the immunoprecipitated complex formed on the TDE both in vitro and in vivo.
Both HuR and hnRNP C1/C2 bind to the U-rich sequences with high affinity (Gorlach et al. 1994; Lopez de Silanes et al. 2004) . HuR is a highly conserved member of the Elav/Hu family of RNA-binding proteins involved in the modulation of RNA stability and translation (Good 1997) . hnRNP C1/C2 proteins are nuclear proteins proposed to be involved in mRNA processing (Choi et al. 1986; Swanson et al. 1987) . The hnRNP C1/C2 proteins have recently been implicated in translational control of the c-sis mRNA as well as poliovirus RNAs (Sella et al. 1999; Brunner et al. 2005) . Post-translational modifications that mask the strong nuclear retention signal of hnRNP C1/C2 have been hypothesized to result in their retrafficking in the cytoplasm (Mayrand et al. 1993; Pinol-Roma and Dreyfuss 1993; Sella et al. 1999) . Both HuR and hnRNP C1/C2 were shown to bind to a U-rich translational regulatory element in the 5Ј UTR of p27 kip RNA in a cell-cycle-dependent manner (Millard et al. 2000) . The hnRNP A1 protein has been shown to be associated with pre-mRNA processing and export (Michael et al. 1995) of RNAs from the nucleus. hnRNP A1 binds to UAGGGU/A sequences in the RNA , and one such consensus binding site is present in Her-2 mRNA (nucleotides 207-247).
In addition to proteins that directly cross-linked to the Her-2 TDE, the PABP was found to be associated with the native TDE complexes from SKBR-3 cells isolated by immunoprecipitation with anti-HuR and anti-C1/C2 antibodies. The PABP is normally bound to the poly(A) tract of the mRNA, although it has been implicated in binding to certain regions in 5Ј (Yohn et al. 1998; Hornstein et al. 1999 ) and 3Ј UTRs. PABP was shown to interact not only with components of translation initiation machinery (Sachs and Davis 1989; Tarun and Sachs 1996; Wells et al. 1998 ) but also with the translation termination release factor eRF3 (Hoshino et al. 1999 ). This has led to the notion that PABP most likely plays important roles in translation initation, termination, and recycling (Kahvejian et al. 2001 (Kahvejian et al. , 2005 Wilkie et al. 2003; Kuhn and Wahle 2004) . The observation that PABP interacts with TDE-binding proteins and key components of the translation initiation and termination process may suggest a role for PABP in regulating the translation derepression efficiency of the Her-2 transcript.
An important question is what determines the celltype specificity that allows for translational derepression of the Her-2 transcript. HuR, hnRNP C1/C2, hnRNP A1 and PABP are ubiquitously and highly expressed proteins. It is conceivable that changes in localization or modification of these proteins, rather than absolute levels may be important. Post-translational modification of HuR (Li et al. 2002) and cell-environment-dependent nuclear-cytoplasmic shuttling of HuR (Yaman et al. 2002) has been reported earlier. Consistent with this idea, increased cytoplasmic HuR levels were observed in human breast carcinoma samples (Denkert et al. 2004 ). Increased cytoplasmic HuR levels were also shown to stabilize the COX-2 transcript in colon cancer cell lines (Dixon et al. 2001) . Consistent with this observation, we found strikingly higher levels of HuR in the cytoplasm of SKBR-3 cells that overexpress Her-2 compared with MCF10A cells in which the derepression activity is not observed. This increase in cytoplasmic levels of HuR in cells that show high derepression activity, alone or in combination with post-translational modifications, altered affinities, and interactions of other proteins in the TDE complex, could account for the cell-type-specific derepression.
3Ј UTRs can modulate translation efficiency
Derepression of the Her-2 uORF involves recruitment of a protein complex bound to the TDE of Her-2 3Ј UTR to modulate translation termination/reinitiation efficiency of the Her-2 uORF, underscoring the importance of the termination/reinitiation process in gene regulation. This represents the first demonstration of how disregulation of this mechanism can lead to cancer.
The role of 3Ј UTRs in regulating gene expression is well documented, and several lines of evidence indicate that the 3Ј UTR can modulate the translation efficiency of an mRNA (Ostareck et al. 1997; Grskovic et al. 2003; Kuersten and Goodwin 2003; Hesketh 2004; Cho et al. 2005; de Moor et al. 2005; Espel 2005 ). The closed-loop model of eukaryotic mRNA structure is one conceptual framework that can explain how 3Ј UTRs and their associated factors can modulate translation initiation effi-ciency (Tarun et al. 1997; Wells et al. 1998; Mangus et al. 2003) . Interactions of the factors that bind to the 5Ј cap, the 3Ј poly(A) tract, and 5Ј and 3Ј UTRs promote contacts between the 5Ј and 3Ј ends of eukaryotic mRNAs that regulate translation initiation efficiency (Wilkie et al. 2003) . The intriguing observation that PABP interacts with eRF3 and the factors at the 5Ј cap suggests a further modification of the closed-loop model. This interaction suggests that terminating ribosomes may influence the RNP structure of the closed loop that affects subsequent rounds of translation initiation (Welch et al. 2000) . Hence, logically the closed-loop model may include a more pretzel-like structure in which the 5Ј and 3Ј UTRs are interacting at the terminating ribosome to modulate translation reinitiation.
An important question to consider is how the Her-2 3Ј UTR can modulate its translation initiation efficiency. At present there are only a few examples illustrating the role of uORFs in regulating the initiation of translation. Perhaps the best example of uORF regulation is the control of expression of GCN4 in the yeast Saccharomyces cerevisiae. The GCN4 mRNA harbors four uORFs and translation initiation/reinitiation efficiency of the uORFs governs the quantity of GCN4 protein produced (for review, see Hinnebusch 2000) . The GCN4 uORF1 is always translated, and reinitiation following translation termination of uORF1 is very efficient. Translation reinitiation occurs either at the fourth uORF or at the AUG of the GCN4 protein-coding region depending on the nutrient supply. Under amino acid sufficient conditions, the ribosomes reinitiate at uORF4, but following translation termination, the GCN4 coding region is not translated. Under amino acid deficient conditions, the ribosomes bypass the fourth uORF and reinitiate further downstream at the GCN4 translation initiation site. Starvation generates uncharged tRNA that induces phosphorylation and subsequent inactivation of eIF2. When eIF2 levels fall, the ribosomes take longer to reacquire Met-tRNA i and do not translate the fourth uORF, but initiate translation at the GCN4 protein-coding region. Thus, regulation of GCN4 protein expression is an example of how modulation of translation reinitiation events of uORFs can control protein levels.
The 3Ј UTR has also been shown to affect other aspects of the translation process. The translational recoding of UGA as selenocysteine is directed by a SECIS (selenocysteine insertion sequence) element in the 3Ј UTRs of eukaryotic selenoprotein mRNAs (Copeland 2003) . Proteins bound to SECIS elements found in the 3Ј UTR alter translation termination efficiency at these stop codons so that selenocysteine amino acids are inserted. Clearly, there are a number of examples that can help to explain how the Her-2 3Ј UTR modulates translation initiation efficiency.
Model of translational regulation by uORF and Her-2 3Ј UTR
The results presented here suggest that the uORF in the Her-2 5Ј UTR is a translational repressor that allows inefficient translation reinitiation at downstream cistrons. Factors bound to the Her-2 3Ј UTR, however, can alter this process such that terminating ribosomes can reinitiate at the downstream Her-2 protein coding region (Fig.  8) . Several lines of evidence are consistent with this hypothesis. In the primary human mammary epithelial cells, which express low levels of the Her-2 receptor, the majority of the Her-2 mRNA cosediments with small polysomes and suggests that 80S ribosomes may stall at Figure 8 . Model for translational derepression by Her-2 3Ј UTR. (A) Based on earlier studies, the conceptual closed-loop model shows interactions of PABP with the cap complex at the 5Ј end as well as its interaction with eRF3 at the stop codon near the 3Ј end of the coding region. In the simplest scenario, the ribosomes translating the uORF remain stalled at the uUGA in cell lines where derepression is not significant. Under these conditions the translation of Her-2 protein is dependent on leaky scanning and/or inefficient reinitiation. (B) In cells overexpressing Her-2 protein, the highly folded 3Ј UTR along with the protein complex docked on TDE facilitates rapid termination at the uUGA via the PABP-eRF3 contacts. The 40S ribsome that remains attached retains certain initiation factors, reacquires eIF2-Met-tRNA i -GTP, and is recycled to the main coding region with higher efficiency. The ribosomes terminating at the uUGA support formation of a pretzel-like mRNP structure as described in the Discussion. Such a structure would allow terminating ribosomes to recycle onto the same transcript through interactions with the 3Ј-UTR protein complex. the uUGA of the uORF. In contrast, the Her-2 mRNA is distributed throughout the polysome gradient in BT-474 breast cancer cells that overexpress Her-2 protein (Child et al. 1999a ). This result suggests that the Her-2 transcript is efficiently translated and suggests that translation reinitiation occurs in the Her-2 protein-coding region.
We hypothesize that the 80S ribosomes translating the short uORF can remain associated with the Her-2 mRNA (Fig. 8A) . The interactions of the ribosomes with the Her-2 3Ј UTR-protein complex may impact termination efficiency at the stop codon of uORF and facilitate efficient recharging of the ribsome to allow translation reinitiation at the Her-2 translation start site. The TDEassociated complex that includes the PABP may allow rapid dissociation of the 80S complex through its interactions with the translation termination release factor, eRF3, at the stop codon of the uORF so that the 40S subunit remains associated with the mRNA. The eRF3 complexes with the eRF1 and contributes to efficient termination at the stop codon (Stansfield et al. 1995a,b) . Since the activity of the release factors can be modulated by other factors such as Upf1 (Czaplinski et al. 1998; Welch et al. 2000) , we hypothesize that protein factors within the TDE protein complex may modulate activity of the release factors and subsequent recycling of the ribosomal subunits (Fig. 8B) . Because of the small size of the uORF, the 40S subunit may retain certain translation initiation factors and rapidly reacquire eIF2/Met-tRNA i / GTP, so that they efficiently reinitiate at the Her-2 translation start site. It is also conceivable that the theoretical IRES-like structure within the Her-2 3Ј UTR may mimic the 5Ј cap and, in concert with the TDE-bound protein complex, may facilitate recruitment of translation factors for rapid reinitiation at the Her-2 translation start site.
The model described above is a modification of the closed-loop model of eukaryotic mRNA that describes how ribosomes are recycled following translation termination at the end of the protein-coding region ( Fig. 8A ; Kahvejian et al. 2001) . In this scenario, terminating ribosomes proximal to the 3Ј UTR can be recycled to the translation start site proximal to the 5Ј UTR as a consequence of the interactions of factors associated with 5Ј and 3Ј UTRs, as well as factors associated with ribosomes. In the case of Her-2 uORF, we hypothesize that the factors associated with Her-2 3Ј UTR can promote recycling of the terminating ribosomes at the uORF to facilitate their subsequent interaction at the Her-2 translation start site ("pretzel-loop"; Fig. 8B) .
Interestingly, this model suggests that the single Her-2 uORF functions like a combination of the GCN4 uORF1 and uORF4 uORFs. In the absence of other elements and factors, the Her-2 uORF is analogous to the GCN4 uORF4 in that ribosomes that translate this uORF cannot efficiently translate downstream cistrons. Factors bound to the Her-2 3Ј UTR, however, can alter the Her-2 uORF so that it functions more like the GCN4 uORF1, allowing efficient translation reinitiation to occur at downstream cistrons. The key difference is that, much like the SECIS elements that promote translation readthrough for synthesis of selenocyteine proteins, the Her-2 regulatory sequences that modulate this activity appear to be linearly distant from the site of action.
The work reported here describes a novel translation mechanism in which the translation efficiency of genes harboring uORFs in their 5Ј UTRs can be governed by sequences in their 3Ј UTRs. The detailed mechanism of how the 3Ј UTR facilitates increased translation efficiency at the translation initiation site of the Her-2 protein-coding region requires further elucidation. Further dissection of the mechanism will help gain insight into the post-transcriptional mechanisms modulating translation of many regulatory genes and will facilitate the identification of new molecular targets for drug discovery to treat cancer.
Materials and methods
Generation of Her-2 constructs
The 178-nt 5Ј UTR and the 612-nt 3Ј UTR of Her-2 mRNA were amplified by PCR using SKBR-3 cDNA and the human genomic DNA (Promega), respectively, as template and then cloned into pcDNA3.1/FLUC vector, a pcDNA 3.1(+) (Invitrogen) plasmid containing a firefly luciferase (FLuc) expression cassette driven by a CMV promoter. Three different constructs were generated, including one in which the luciferase expression is controlled by the Her-2 5Ј UTR alone (5Ј Her-2), one controlled by only the Her-2 3Ј UTR (3Ј Her-2), and the one in which both the 5Ј and the 3Ј UTRs from Her-2 controlled Luc expression (5Ј + 3Ј Her-2). The GAPDH 3Ј UTR was also PCR amplified and cloned into the above vectors to provide a control for specificity. The sequences of all constructs were confirmed by the dideoxysequencing method.
Cell culture and preparation of lysates
All cell lines were obtained from ATCC and all cell lines except SKBR-3 and MCF10A were cultured in Dulbecco's Essential Modified Medium (DMEM) supplemented with 10% fetal bovine serum (FBS; Invitrogen) under humidified atmosphere containing 5% CO 2 . SKBR-3 cells were grown in McCoy's medium containing 10% FBS, and MCF10A cells were grown in Mammary Epithelial Growth Medium (MEGM; Cambrex, Inc.) supplemented with 10% FBS and bovine pituitary extract. Whole-cell lysates for luciferase and ␤-galactosidase assays were prepared by lysing cells in passive lysis buffer (Promega) after two washes with PBS. The cytoplasmic extracts were prepared by swelling the cells in hypotonic buffer (10 mM HEPES at pH 7.4, 15 mM KCl, 1.5 mM magnesium acetate, 0.5 mM Pefabloc [Roche], 2 mM DTT) for 30 min followed by lysis by Dounce homogenizer. The lysates were clarified by centrifugation at 10,000 rpm for 10 min at 4°C. The total protein content was quantitated by the BCA microtiter protein assay reagents (Pierce).
Mutagenesis
Deletions in the 3Ј UTR were made by amplifying regions of interest using polymerase chain reaction with appropriate primers. The primer sequences used for generating different deletions are listed in Table 3 . Point mutations or internal deletions or insertions were made using the QuikChange mutagenesis kit (Stratagene) and all of the constructs were confirmed by dideoxy-chain termination DNA sequencing.
Transfection of cell-lines and reporter assays
Transient transfections were performed using Fugene (Roche Diagnostics) according to the manufacturer's instructions. Briefly, SKBR-3 cells were seeded at a density of 5 × 10 5 cells per well of a 6-well plate and grown to 80%-90% confluency. Plasmid DNA (1.0 µg) and CMV-␤-galactosidase DNA (0.5 µg) or Renilla luciferase DNA (0.125 µg) were incubated with 7 µL Fugene (Roche) in 100 µL serum-free media for 45 min and the DNA-Fugene complexes added drop-wise to 2 mL serum-containing media. Fresh media was added after 12 h and the cells grown for another 48 h. For steady-state experiments, cellular protein and/or total RNA was extracted 48 h post-transfection. The fold increase over the 5Ј UTR was found to be a function of both the cell-passage number and the transfection efficiency. As a general guideline, most transfections were performed within passages 5-7 in culture. For most constructs, at least three independent transfection studies were performed. Firefly and Renilla luciferase reporter activity was determined using the Dual Luciferase Assay system (Promega) and the ␤-galactosidase activity was determined using the ␤-Gal assay kit (Invitrogen). Luciferase activity was normalized to ␤-Gal activity or to Renilla luciferase activity in each experiment.
RNA analysis
Total cellular RNA from transfected SKBR-3 cells was extracted using the RNAeasy extraction kit (Qiagen). The steady-state levels of RNA were determined by either Northern analysis or via real-time PCR. Northern blots were prepared and the blots hybridized using the Ultra-Hyb hybridization solution (Ambion). The gel-purified cDNA encoding firefly luciferase was labeled with [␣-32 P]-dCTP using Prime-it II random-primer labeling kit (Stratgene). The probes prepared from the GAPDH control were added along with luciferase for normalization. Radioactive signals were detected with a Storm PhosphorImager (Typhoon) and quantitated using the ImageQuant 2.2 software. Real-time PCR was performed using 5Ј FAM-3Ј TAMARA probes corresponding to the coding region of FLUC or 5Ј VIC-3Ј TAMARA probes for ␤-Actin (Applied Biosystems). The RT-PCR efficiency for both FLUC and actin was determined across (Jordan et al. 2004 ) was used to calculate the fold changes in expression of all constructs compared with that of the 5Ј Her-2 Fluc RNA.
3Ј-end mapping
Total RNA from transfected and control SKBR-3 cells was isolated using RNAeasy kits (Qiagen). First-strand cDNA was synthesized from total RNA (1 µg) using the 3Ј-RACE Adaptor (Ambion) and MMLV RT. The cDNA (1 µL) was subjected to PCR using 3Ј-RACE primer and a gene-specific primer. The genespecific primers were complementary to the coding regions of either luciferase (for transfected RNA) or the Her-2 receptor. The PCR products were analyzed by agarose gels, and the PCR products were submitted for dideoxy chain termination sequencing.
UV-cross-linking (UVXL) of RNA-protein complexes
RNA-protein binding reactions were performed using 3-5 µg of cytoplasmic extract, 10 fmol of 32 P-UTP-labeled RNA, 2 µg tRNA, in a final volume of 20 µL using Binding Buffer A (20 mM HEPES-KOH at pH 7.5, 2.5 mM MgCl 2 , 100 mM KCl, 20% glycerol, 0.5 mM dithiothreitol, protease inhibitor tablets). Heparin was added to some reactions at a concentration of 0.25 µg/µL. Addition of heparin to 0.75 mg/mL did not have any significant influence on the pattern of UV-cross-linking. Reaction mixtures were incubated for 1 h at 37°C and UV irradiated at 254 nm for 10 min (StrataLinker 1800) on ice. The reaction mixtures were then treated with 4 µL of RNase cocktail (Ambion) for 30 min at 37°C. The samples were analyzed by 15% or 10%-14% Criterion gels (Bio-Rad) by SDS-PAGE and detected by phosphorimager analysis. For UVXL immunoprecipitation assays, UV-cross-linking was performed as described above, and the reactions were incubated for 2 h with specific antibodies at 4°C, followed by incubation with protein G beads (Amersham) for 1 h at 4°C. After washing with immunoprecipitation Buffer B (50 mM Tris at pH 7.5, 2 mM MgCl 2 , 1% NP40, 100 mM NaCl, Complete [EDTA-free] protease inhibitor tablets [Roche] , Pefabloc [0.1 mM)], the RNA-protein complexes were resolved by SDS-PAGE and detected by PhosphorImager.
Biotin-RNA affinity purification
Biotinylated RNA was synthesized in vitro using a T7-Megascript RNA synthesis kit (Ambion, Inc.) in the presence of 14 Biotin-UTP (Roche). The biotinylated RNA was bound to streptavidin-coated Dynabeads (Dynal, Inc.) according to the manufacturer's recommendations. The cytoplasmic extracts from SKBR-3 were precleared by incubation with RNA-affinity resin containing RNA (1-407) in Binding Buffer A. The unbound fraction was incubated with RNA-affinity resin prepared with the RNA (1-612). After 2 h of incubation at 4°C, the unbound proteins were removed and after extensive washes with the binding buffer, the proteins were step-eluted with Binding Buffer A containing 0.25 mM or 0.5 mM NaCl. The proteins in 0.5 M eluate were resolved on SDS-PAGE and the protein bands (38-40 kDa) size were excised and submitted for mass-spectrometric analysis (City of Good Hope).
Native complex IP
The SKBR-3 cells grown to 80% confluency were washed twice with PBS and the cells scraped rapidly from the plates. The cells were suspended in IP-Buffer B containing 0.1% NP40 and 0.2 µM Pefabloc (Roche). Cytoplasmic extracts prepared from SKBR-3 cells were either left untreated or treated with RNase A/T1 cocktail (100 U) for 30 min on ice. The extracts were precleared on protein G sepharose for 1 h at 4°C. The unbound proteins incubated with anti-HuR or anti-hnRNP C1/C2 protein G sepharose for 2 h at 4°C. After 5 washes (10 min per wash, 4°C), the proteins bound to the resin were eluted into the SDS-PAGE buffer by heating to 100°C for 10 min and resolved on SDS-PAGE and transferred to the nitrocellulose membranes. The anti-HuR and C1/C2 immunoprecipitates were screened with the following antibodies: HuR (Invitrogen); hnRNPs C1/ C2, L, Q, K, transportin, U, A1 (Sigma-Aldrich); eIF4E (Cell Signaling Technology); eIF2␣, eIF5␣, eIF3, PABP (SantaCruz); AUF-1 (Upstate Biotechnologies).
Ribonucleoprotein immunoprecipitation assay (RIA)
The RIA was performed according to Niranjanakumari et al. (2002) , with some modifications. SKBR-3 cells (1.5 × 10 6 ) were washed twice in PBS after trypsinization and resuspended in 10 mL PBS containing 1% formaldehyde (16% stock; Polysciences, Inc.). After 40 min of cross-linking, the reaction was quenched with glycine (pH 7.0) to 0.25 M for 10 min. After two 50 mL washes with cold-PBS, the fixed cells were lysed by sonication and the insoluble material removed by centrifugation. The cell lysate was precleared on protein-G-sepharose for 1 h at 4°C, and the precleared lysate was incubated with Superase-in (Ambion) treated protein-G-sepharose coated with anti-HuR or anti-C1/ C2 antibodies. After 3 h of incubation the beads were washed extensively in IP Buffer A and resuspended in 100 µL of 50 mM Tris.Cl (pH 7.0), 5 mM EDTA, 10 mM dithiothretol (DTT), and 1% SDS. Samples were incubated at 70°C for 45 min to reverse the cross-links. The total RNA bound to the beads was extracted with Trizol and precipitated with isopropanol. The samples were digested with DNase I (Ambion, Inc.) for 45 min at 37°C, followed by the removal with DNase-inactivating reagent (Ambion, Inc.). The RNA was used as template for cDNA synthesis, and the presence of specific targets was detected by PCR amplification using the gene-specific primers (Table 3) .
Immunofluorescence microscopy
MCF-10A and SKBR-3 cells were grown on glass coverslips and were washed in PBS, fixed using 3.7% formaldehyde/PBS for 30 min, and permeablized with 0.5% Triton X-100/PBS for 5 min at room temperature. Fixed cells were blocked in 3% BSA/PBS for 1 h, and immunofluorescence staining was performed by incubating with anti-HuR antibody (Invitrogen) diluted in 3% BSA/ PBS, followed by the anti-mouse IgG coupled to Alexafluor555 (Molecular Probes). Images were obtained using a Zeiss Axiovert 200 epi-fluorescence microscope and captured using IPLab version 3.6 for Windows software.
